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Since 1960, conventional composite magnesite–chromite refractories have been replaced worldwide by
coclinkered, direct-bonded refractories for lining steel, non-ferrous and other furnaces. In the newer brick, the
silicate matrix that surrounds the composite chrome spinel and periclase grains of the conventional brick has
been replaced by direct periclase and/or spinel bonds. These brick are characterized by higher hot strength,
volume stability and high resistance to thermal shock and slag attack at temperatures as high as 1700°C. Such
high refractory quality has been achieved by the development of chemistry and firing treatment of the brick.
This includes application of purer magnesite and chrome ore with a controlled lime/silica ratio to decrease
the amount of interstitial liquid phase and to provide more refractory bonds. Also, high firing temperatures
(>1700°C) and a two-stage firing process are now used.1–8
In some commercial brick that contain significant amounts of silica and lime impurities, some direct bond-
ing may occur when they are manufactured at relatively lower firing temperatures (<1700°C). The bonding
develops on cooling by precipitation of chrome spinel components that diffuse through the silicate liquid
phase, inside and around the periclase grains. When these brick are reheated in service, the degree of direct
bonding gradually decreases as the temperature increases until it disappears at a temperature approximately
equal to the original firing temperature. However, at any firing temperature below the original, a degree of
direct bonding, independent of the silicate phases, exists to maintain the hot mechanical properties.1–8
Phase-equilibrium data are available for MgO–Al2O3 (MA), MgO–Cr2O3 (MK) and MgO–Fe2O3 (MF)
binary systems. The data indicate the capability of solid solutions of MA, MK and MF spinels within the per-
iclase phase (MgO) structure in an ascending order on firing up to 1700°C. These data provide the interpre-
tation of the strong solid-solution bonds formed after firing of magnesite–chromite refractories by ion diffu-
sion at the contact surfaces of periclase and chrome spinels.9–14
The objective of the present work is to assess coclinkered, shaped magnesite–chromite refractories
processed from Egyptian natural and seawater magnesites as well as beneficiated chrome ore. The proper raw
batches were fired using the two-stage firing process up to 1700°C. These batches were coclinkered after they
were mixed, shaped and fired for 1 h at 1700°C. The obtained clinkers then were graded, mixed, repressed
and refired for 1 h 1700°C. The physical and refractory properties of the fired briquettes were assessed. The
results were interpreted with reference to phase equilibrium and microstructure.
Materials
Egyptian natural magnesite (50 kg) from the Eastern Desert was delivered by El-Nasr Co. for Phosphates,
Red Sea. Pure brucite (Mg(OH)2) (50 kg), precipitated form seawater, was delivered by El-Nasr Co. for Salines,
Alexandria. Also, 50 kg of beneficiated chrome ore was received from the Metallurgical Research and
Development Institute, Al-Tebbin, Cairo. A –0.2 mm fraction of an Egyptian chrome ore sample, as-delivered
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from the Eastern Desert by El-Nasr Co. for Phosphates, was beneficiated using a tabling technique.
The chemical compositions of the magnesites and beneficiated chrome ore were determined using
acceptable schemes of wet silicate analyses.15
Processing of Magnesite–Chromite Briquettes
Magnesite–chromite briquettes were processed from the corresponding raw-material batches using the
two-stage firing process up to 1700°C. Two series of raw batches that represented magnesite,
magnesite–chrome and chrome–magnesite compositions were designed and prepared. The preparation was
conducted by adding and mixing of 0.0, 30.0 and 70.0% of beneficiated chrome ore powder (–0.1 mm) to
seawater and natural magnesites powders.
The powder batches were semi-dry-pressed and fired for 1 h at 1700°C to obtain homogeneous and vol-
ume-stable magnesite–chromite coclinker.1–8 The obtained coclinkers were crushed, ground and graded into
45% coarse (3.0–1.0 mm), 15% medium (1.0–0.1 mm) and 40% fine (–0.1 mm) grains. Grain batches that
corresponded to magnesite, magnesite–chrome and chrome–magnesite compositions were prepared,
repressed under 100 N/mm2 and refired for 1 h at 1700°C to obtain dense briquettes.
Phase Equilibrium and Microstructure of Fired Briquettes
Phase equilibrium data of the fired magnesite–chromite briquettes were calculated according to the avail-
able phase relationships relevant to the system CaO–MgO–Cr2O3–Al2O3–Fe2O3–SiO2, within which peri-
clase (MgO) coexisted as a free phase.9–14 The solid-phase composition and amount of liquid phase devel-
oped on firing at 1700°C were calculated. The calculated solid-phase composition was qualitatively con-
firmed using computerized X-ray diffractometry (XRD; Model PW 3710, SERIE).
Microstructure was studied using scanning electron microscopy (SEM; Model Stereoscan S 250,
Cambridge, and MK II EDX-Analizes, Model TN 2000, Tractor Northern). SEM was used with computer-
ized EDAX for microanalysis of the phases that coexisted within the microstructure.
Properties
Densification parameters were determined using bulk density and apparent porosity according to ISO No.
5017 (1998). The refractory quality was assessed by measuring its load-bearing capacity by conducting
refractoriness under load (RUL) testing according to ISO No. 1893 (1989). Cylindrical samples 5 cm in
diameter and ~5 cm in height were fired to 1700°C in a vertical electrical furnace under a load of 2.0
kg/cm2, using a rate of 5°C/min.
An expansion–contraction curve was obtained for each sample as a function of firing temperature. The
temperatures corresponding to maximum expansion (To), beginning of subsidence (T0.5) and 1% subsidence
(T1) were derived from these curves.
Composition of the Raw Materials
The chemical composition of representative samples of the
raw and calcined natural and seawater magnesites as well as
beneficiated chrome ore were determined (Table 1). The bene-
ficiated chrome ore showed high SiO2 content (4.40%) when
compared with high-grade types (<1.0%).1–8 This was mainly
caused by its relatively higher content of silicate minerals, such
as talc (MgO·4SiO2·H2O) and serpentine (MgO·2SiO2·2H2O),
as previously detected using XRD and DTA methods.16
Both magnesite samples showed relatively higher CaO con-
tent (1.40–1.70%) when compared with international high
grades (<1.0%).1–8 This was mainly caused by their contamina-
tion of appreciable amounts of dolomite (CaCO3·MgCO3)
and/or calcite (CaCO3) minerals, as previously detected using
XRD and DTA methods.16 The magnesites also had low SiO2
(<1.0%) and high total R2O3 (1.50–1.70%) contents. Hence, the MgO content of both magnesites, on cal-
cined basis, was decreased to 92.40–93.20% as compared with high-grade types.1–8 However, the seawater
magnesite had an acceptable level of the severe fluxing agent B2O3 (0.05%).
17–19
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Table 1 Composition of Magnesites and Chrome Ore
Seawater Natural Beneficiated
Oxide magnesite (%) magnesite (%) chrome ore (%)
SiO2 0.59 0.48 4.36
Al2O3 1.27 0.75 14.53
Fe2O3 0.43 0.78 12.40
Cr2O3 46.32
B2O3 0.05
CaO 1.40 1.70 0.42
MgO 62.64 46.79 19.87
LOI 32.63 49.17 2.20
Total 99.51 99.67 100.10
Phase Equilibrium
Batch, chemical and phase composition of the two series of fired magnesite–chromite briquettes have
been determined (Table 2). The first series, prepared from seawater magnesite and beneficiated chrome ore,
is referred to as M1, MK1 and KM1 to represent magnesite, magnesite–chrome and chrome–magnesite bri-
quettes. M2, MK2 and KM2 represent similar briquettes processed from natural magnesite and beneficiated
chrome batches.
Briquettes processed form seawater magnesite (M1, MK1 and KM1) contain slightly lower amounts of
SiO2 and CaO than those processed form the natural magnesite (M2, MK2 and KM2 (Table 2). Also, as the
chrome-ore content is increased from magnesite to magnesite–chrome and chrome–magnesite briquettes in
both series, the SiO2 and R2O3 contents increase at the expense of MgO and CaO in the same order. This
is attributed to the higher SiO2 and R2O3 contents of the beneficiated chrome ore as compared with those
of the seawater and natural magnesites (Table 1).
Solid-phase composition of the studied briquettes (Table 2) shows that the CaO/SiO2 molar ratio of all
briquettes is <1, except for those of M1 and M2 (2.52 and 3.80, respectively). Hence, SiO2 and CaO of all
briquettes react with the corresponding amount of MgO to form the silicate CMS and M2S phases, except
in M1 and M2 briquettes, which have a CaO/SiO2 molar ratio >2. Therefore, C2S and C4AF phases are
formed in the latter briquettes because of the reaction of CaO with the available SiO2 and some of the
Al2O3 and Fe2O3. These phases coexist with a small amount of spinel (MA–MF) solid solution, which is
formed because of the reaction of the remaining Al2O3 and Fe2O3 with MgO.
The remaining MgO coexists with the silicate and aluminoferrite phases as free periclase (MgO) with
amounts of ≥92% in M1 and M2.
9–14 The liquid-phase contents that develops in these briquettes at 1700°C
are 9.5 and 9.8%, respectively. They are mainly formed at the expense of their low content of C2S as well
as calcium and magnesium aluminoferrite phases.9–14 The presence of 0.08% B2O3 in the seawater magne-
site briquettes (M1) increases its liquid-phase content more than that calculated (Table 2). This is ascribed
to the harmful fluxing effect of the B2O3 content, which should be minimized to <0.05%.
17–19
As the amount of chrome ore is generally increased in the order M < MK < KM, the amounts of the sil-
icate (CMS and M2S) and spinel solid-solution (MA–MF–MK) phases increase. Consequently, the amount
of liquid phase that develops at 1700°C is increased in the order M < MK < KM in both series. CMS and
M2S phases completely melt at 1380°C. This is
followed by gradual dissolution of the spinel
(MA–MF–MK)(ss) and periclase phases with
an increase of firing temperature to 1700°C.
Also, there is a relatively higher content of sil-
icate and spinel solid-solution phases in the
briquettes processed from natural magnesite
(M2, MK2 and KM2). Therefore, they show rel-
atively higher liquid-phase contents than the
corresponding phases processed from seawater
magnesite (M1, MK1 and KM1).
9–14
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Abbreviations of Chemical Formulas of Phases Detected
CMS is CaO·MgO·SiO2 (monticellite)
M2S is 2MgO·SiO2 (forsterite)
C2S is 2CaO·SiO2 (dicalcium silicate)
C4AF is 4CaO·Al2O3·Fe2O3 (brownmillerite)
(MA–MF)(ss) is (MgO·Al2O3–MgO·Fe2O3) spinel solid solution
Table 2 Phase Equilibrium Data of Coclinkered Magnesite–Chromite Briquettes†
Batch composition (%) Chemical composition (%) C/S Solid-phase composition (%)
––––––––––––––– –––––––––––––––––––––––––––––––––––––– molar ———––––––––––––———————————————— LPC
BQ‡ SWM‡ NM‡ BCO‡ SiO2 Al2O3 Fe2O3 Cr2O3 B2O3 CaO MgO ratio C2S CMS M2S C4AF [MA MF MK] MgO (%)
‡
M1 100 0.88 1.89 1.39 0.08 2.08 93.22 2.52 2.53 0.92 2.23 1.36 92.26 9.50
MK1 70 30 2.26 6.89 5.73 18.24 0.04 1.46 65.37 0.69 4.06 1.62 9.59 7.16 23.04 54.46 21.30
KM1 30 70 3.65 11.91 10.11 36.60 0.02 0.80 36.91 0.24 2.23 5.61 16.58 12.64 46.23 15.79 30.50
M2 100 0.94 1.47 1.53 3.35 92.36 3.80 2.70 3.45 1.03 0.50 92.01 9.80
MK2 70 30 2.55 7.55 6.60 21.47 2.04 59.79 0.86 5.68 0.73 10.51 8.25 27.12 47.58 24.60
KM2 30 70 3.81 12.43 10.65 37.75 0.96 33.40 0.27 2.67 6.49 17.31 13.31 48.95 11.27 32.10
†Fired at 1700°C. ‡BQ is briquette; SWM is seawater magnesite; NM is natural magnesite; BCO is beneficiated chrome ore; and LPC is liquid-phase content.
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XRD patterns of M1, MK1 and KM1 as well as M2, MK2 and KM2 samples fired to 1700°C have been plot-
ted (Figs. 1 and 2). These patterns confirm the calculated solid-phase composition of the studied briquettes
(Table 2). The patterns of M1 and M2 samples show stronger lines of periclase and some weak lines of C2S.
The calculated small amounts (Table 2) of calcium and/or magnesium aluminoferrite phases cannot be
detected. On the other hand, the chrome–spinel (MA–MF–MK)(ss) phase is detected in MK1 and MK2
samples, besides major periclase and minor CMS phases. When the chrome-ore content is increased in KM1
and KM2 briquettes, the chrome–spinel solid solution becomes predominant. Some periclase and M2S that
are formed at the expense of CMS also appear.
Microstructure
SEM photomicrographs have been obtained—at two magnifications—of the dense magnesite, magne-
site–chrome and chrome–magnesite briquettes (Figs. 3–5). Microstructure of M1 and M2 samples (Figs.
3(a) and (b) and 3(c) and (d), respectively) and point analyses of their phases (Table 3) show that both
samples are composed of agglomerated rounded periclase grains (grey) that enclose some closed pores
(dark).
The direct periclase–periclase bonding is appreciably interrupted by some calcium and magnesium sili-
cates (dark-grey) and aluminofer-
rite phases (bright) (Fig. 3(b) and
Table 3 (No. 1)). This is mainly
caused by their relatively lower
MgO (92.0–93.0%) and higher
CaO and R2O3 contents. Also,
there are some (light-grey) periclase
crystals (Fig. 3) that contain <1%
CaO in solid solution (Table 3 (No.
2)). The smaller size and irregular
shape of these grains indicate their
secondary crystallization from liq-
uid phase during cooling.9–14
The microstructure of the mag-
nesite–chrome briquettes processed using seawater (MK1) and natural (MK2) magnesites also have been
determined from SEM photographs (Figs. 4(a) and (b) and 4(c) and (d), respectively). Microanalyses of
their coexisting phases also have been determined (Tables 3 and 4, respectively). Rounded periclase grains
(light-grey) that contain exsolutions of fine chrome–spinel particles (white spots) are predominant.20 These
grains show a low degree of periclase and/or spinel direct bonding.
Microanalysis of the exsolved spinel solid-solution particles inside the periclase (Table 3 (No. 3) and
Table 4 (No. 2)) shows higher MgO and lower Cr2O3 contents than those detected for the primary spinel
crystals (Table 3 (No. 1)). Darker crystals of periclase that contain limited amounts (4–6%) of Fe2O3 and
Cr2O3 in solid solution (Figs. 4(b) and (d)) are evidenced from their point analyses (Table 3 (No. 2) and
Table 4 (No. 1)). These grains are partially bonded by primary and/or secondary spinel particles. The point
analyses of these particles show that the primary spinel (Table 3 (No. 1)) has relatively lower MgO, Fe2O3
and Al2O3 and higher Cr2O3 contents than those of the secondary phases (Table 4 (No. 3)). The latter par-
ticles also show some CaO and SiO2 as solid solutions that confirm their crystallization from the silicate liq-
uid phase.9–14
SEM micrographs of the chrome–magnesite briquettes processed from seawater magnesite (KM1) and
natural magnesite (KM2) show that the primary chrome–spinel grains (bright) with variable sizes become
predominant and bonded by periclase (darker) and/or silicate phases (grey). The spinel exsolutions in the
periclase crystals (Table 3, (No. 3)) also show much higher MgO and lower Cr2O3 contents than those of
the primary spinel crystals (Table 3 (No. 1) and Table 4 (No. 2)). In addition, two silicate phases appear
(Figs. 5(b) and (d)) with light- and dark-grey colors. The darker belong to M2S phase with some CaO,
Cr2O3 and Fe2O3 in solid solution (Table 3 (No. 2) and Table 4 (No. 1)), where the light-grey phase is CMS
(Table 3 (No. 4)). These results confirm the solid-phase composition (Table 2 and Figs. 1 and 2).
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Table 3 Point Analysis of Phases Coexisting in Processed Briquettes
Magnesite (M1) Magnesite–Chrome (MK1) Chrome–Magnesite (KM1)––––––––––– ––––––––––––––––––– –––––––––––––––––––––––––
Oxide No. 1 No. 2 No. 1 No. 2 No. 3 No. 1 No. 2 No. 3 No. 4
SiO2 11.70 5.15 40.79
Al2O3 17.52 15.59 12.70 15.68
Fe2O3 12.01 5.23 11.63 17.13 2.27 19.67
Cr2O3 55.42 4.94 43.76 55.91 2.00 37.65
CaO 84.76 0.92 2.24 40.10
MgO 3.49 99.15 14.93 89.76 29.10 14.21 41.68 27.08 19.11
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Properties
The properties of all of the processed magnesite–chromite briquettes have been summarized (Table 5).
The densification parameters of all briquettes in terms of bulk density and apparent porosity reflect their
dense nature. These parameters change within narrow ranges. Bulk density varies between 2.90 and 3.00
g/cm3, and apparent porosity varies between 16.0 and 19.0%. Seawater magnesite briquettes (M1) show
slightly higher bulk density and lower apparent porosity than those of natural magnesite (M2). This is attrib-
uted to the presence of 0.08% of the fluxing agent B2O3 in the former briquettes.
17–19
Addition of 30 and 70% of beneficiated chrome ore to seawater and natural magnesites leads to a slight
increase in bulk density with a parallel decrease of apparent porosity of their briquettes. During firing these
briquettes to 1700°C, two main factors affect their densification in opposite directions.1–8,20,21 Secondary
crystallization of chrome–spinel solid solution inside periclase grains and within their interstitial spaces
leads to some volume expansion. Meanwhile, some volume
shrinkage is expected because of the action of the developed liq-
uid phase in densification of such briquettes.
As the chrome ore content increases in the order M < MK <
KM, increasing amounts of liquid phase as well as secondary
spinel solid solution are expected in the same order (Table 2 and
Figs. 3–5). Therefore, the role of liquid phase in densification is
greatly inhibited by the secondary crystallization of spinel solid
solution. Therefore, a slight improvement in densification param-
eters of the fired samples occurs in the order M < MK < KM for
the briquettes processed from seawater and natural magnesites.
Magnesite briquettes (M) show generally higher load-bearing
capacity than those of magnesite–chrome (MK) and
chrome–magnesite (KM) briquettes (Table 5). All briquettes
exhibit maximum expansion at To = 1400°C. The temperatures
that correspond to beginning of subsidence (Ta) and 1.0% subsi-
dence (T1) significantly decrease from 1600 to 1660°C for M
samples down to 1540°C and 1580–1590°C for MK and KM
samples, respectively. The relatively higher Ta and T1 values of M
briquettes are attributed to their phase equilibrium data and
microstructure (Table 2 and Figs. 3–5). They show relatively
lower liquid-phase content and higher-degree direct bonding
than those of MK and KM briquettes.
Direct periclase and/or spinel bonding in the latter briquettes
is greatly interrupted by their higher silicate phases content.
Generally, as the degree of solid–solid contacts increases, the role
of liquid phase in lowering the load-bearing capacity is greatly
inhibited. However, all of these briquettes show relatively lower
levels of Ta and T1 (1500–1600°C) as compared with those of
high-quality coclinkered magnesite–chromite refractories (1600–1800°C). This is ascribed to the higher
CaO content of the Egyptian seawater and natural magnesites as well as SiO2 content of the beneficiated
chrome ore, from which the investigated briquettes have been processed.1–8,18–21
According to the aforementioned results, it is recommended to minimize the CaO-bearing minerals,
namely, calcite and dolomite, in the seawater and natural magnesites. This can be done by modifying the
chemical processes used for the precipitation of Mg(OH)2 from seawater magnesite and by physical benefi-
ciation of the natural magnesite. On the other hand, the silicate serpentine and talc minerals of the chrome
ore also can be minimized to decrease its SiO2 content by adopting more efficient beneficiation methods,
e.g., more fine grinding as well as photoelectric, heavy media and froth flotation.
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Table 4 Point Analysis of Phases Coexisting in
Processed Briquettes
Magnesite–Chrome (MK2) Chrome–Magnesite (KM2)–––––––––––––––––– –––––––––––––––––––
Oxide No. 1 No. 2 No. 3 No. 1 No. 2
SiO2 1.27 51.62
Al2O3 16.04 20.04 16.09
Fe2O3 5.46 11.74 14.38 1.09 18.75
Cr2O3 6.00 44.85 46.78 1.28 49.42
CaO 0.69 2.37
MgO 88.58 27.38 16.76 43.76 15.81
Table 5 Properties of Coclinkered Magnesite–Chromite
Processed Briquettes
Bulk Apparent Refractoriness under load (°C)
density porosity ––––––––––––––––––––––—
Type (g/cm3) (%) To Ta T1
M1 2.95 18.50 1400 1600 1650
MK1 2.96 18.00 1400 1540 1580
KM1 3.02 16.70 1400 1540 1580
M2 2.91 18.80 1400 1640 1660
MK2 2.96 18.70 1400 1540 1580
KM2 3.00 16.80 1400 1540 1590
9106 American Ceramic Society Bulletin, Vol. 86, No. 2
References
1J. Laming, “Sintered and Chemically Bonded MgO–Chrome Ore Refractories”; pp. 143–89 inHigh-Temperature Oxides,
Part I. Edited by A.M. Alper. Academic Press, New York and London, 1970.
2H.M. Kraner, “The Use of Phase Diagrams in the Development and Use of Refractories”; pp. 67–115 in Phase Diagrams:
Materials Science and Technology, Vol. II. Edited by A.M. Alper. Academic Press, New York and London, 1970.
3J.H. Chesters, Refractories: Production and Properties. Iron and Steel Institute, London, 1973.
4S.C. Carniglia and G.L. Barna, Handbook of Industrial Refractories Technology. Noyes, Park Ridge, N.J., 1992.
5G. Routschka, Ed., Pocket Manual of Refractories, 2nd ed. Vulkan Verlag, Essen, Germany, 2004.
6S.K. Hazrao, R.K. Sinha, D.K. Singh and K.C.D. Khandelwal, “Direct-Bonded Magnesite–Chrome Bricks for Copper
Industry”; pp. 123–26 in Bulletin of the 45th International Colloquium on Refractories (Aachen, Germany), 2002.
7M.A. Serry, A.G.M. Othman, L.G. Girgis and R. Telle, “Phase Equilibrium, Microstructure and Properties of
Composite Magnesite–Chromite Refractories”; in Bulletin of the 48th International Colloquium on Refractories (Aachen,
Germany, Sept., 28–29, 2005).
8N. Uzaki, H. Ishii, K. Aratani, T. Kuwakami and M. Sakai, “Development of Magnesite–Chrome Refractories with
High Thermal Shock Resistance,” Interceram, 40 [5] 279–83 (1991).
9P.G. Jeffery, Chemical Methods of Rock Analysis, 2nd ed. Pergamon Press, Oxford, U.K., 1978.
10G.M. Biggar and M.J. O’Hara, “Melting of Forsterite, Monticellite, Merwinite, Spinel and Periclase Assemblages,” J.
Am. Ceram. Soc., 53 [10] 534–37 (1970).
11G.M. Biggar, “Phase Equilibrium in Chrome-Bearing Basic Refractories,” Refract. J., 48 [1] 6–9 (1972).
12J.L. Baptista and J. White, “Phase Equilibrium Relations of the Spinel Phase in the Systems: MA–CMS, MK–CMS
and M (AK) –CMS and Their Bearing on Spinel Bonding in Magnesite–Chrome Refractories,” Br. Ceram. Soc., 78,
122–29 (1979).
13R.M. EL-Shahat and J. White, “The Systems: MA–MK–C2S and MF–MK–C2S,” J. Am. Ceram. Soc., 66 [1] 77–82
(1983).
14J.D. Dewendra, C.N. Wilson and N.H. Brett, “A Quantitative Investigation of Phase Composition in
Magnesia–R2O3–Silicate Systems,” Trans. J. Br. Ceram. Soc.: Part I, 81, 185–89 (1982); Parts II, III and IV, 82, 64–68,
87–90 and 132–36 (1983).
15S. Solacolu, “Quantitative Considerations of the Phases Present at Thermal Equilibrium in Magnesitic Refractory
Materials, within the System: CaO–MgO–Al2O3–Fe2O3–Cr2O3–SiO2,” Ber. DKG, 37 [6] 266–76 (1960).
16A.G.M. Othman, “Phase Equilibrium, Microstructure and Technological Properties of Some Magnesite–Chromite
Refractories”; Ph.D. Thesis. Faculty of Science, El-Minia University, 1996.
17M.I. Taylor, W.F. Ford and J. White, “Phase Relationships in Sections of the System CaO–MgO–B2O3–SiO2 Relevant
to Magnesite Refractories Containing B2O3,” Trans. Br. Ceram. Soc., 70, 51–52 (1971).
18R.J. Hall and D.R.F. Spencer, “Review of the Production and Properties of Sea-Water MgO,” Interceram, 22 [3] 212–18
(1973).
19J.C. Hicks and S. Tangney, “High-Purity Refractory Magnesia from the Irish Sea,” Am. Ceram. Soc. Bull., 59 [7]
711–14 (1980).
20A. Ikesue, J. Yoshitomi, H. Shikano and T. Eguchi, “Formation of Precipitated Complex Spinel in Magnesia–Chrome
Refractories and Its Characteristics,” Interceram, 47 [6] 406–12 (1992).
21D.R.F. Spencer, “Critical Refractory Properties and Magnesia–Chrome Clinker Brick Developments for AOD
Applications,” Refract. J., 51 [July/Aug.] 10–16 (1975).
Egyptian Materials
Fig. 1 XRD patterns of coclinkered magnesite, magnesite–chrome and chrome–
magnesite briquettes processed from Egyptian seawater magnesite/beneficiated
chrome ore batches (M1, MK1 and KM1, respectively).
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Fig. 2 XRD patterns of coclinkered magnesite, magnesite–chrome and chrome–
magnesite briquettes processed from Egyptian natural magnesite/beneficiated chrome
ore batches (M2, MK2 and KM2, respectively).
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(a) (b)
(c) (d)
Fig. 3 SEM photographs of fired magnesite (a) and (b) M1 and (c) and (d) M2 briquettes processed from Egyptian seawater and
natural magnesites.
(a) (b)
(c) (d)
Fig. 4 SEM photographs of coclinkered magnesite–chrome (a) and (b) MK1 and (c) and (d) MK2 briquettes processed from Egyptian
beneficiated chrome ore as well as seawater and natural magnesites.
(a) (b)
(c) (d)
Fig. 5 SEM photographs of coclinkered chrome–magnesite (a) and (b) KM1 and (c) and (d) KM2 briquettes processed from Egyptian
beneficiated chrome ore as well as seawater and natural magnesites.
